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Colloidal superstructures comprising hetero-building blocks often show unanticipated physical and
chemical properties.
superstructures. This straightforward methodology allows the assembly of building block materials

Here, we present a universal assembly methodology to prepare hetero-

varying from inorganic nanoparticles to living cells to form superstructures. No molecular linker is
required to bind the building blocks together and thus the products do not contain any unwanted
adscititious material. The Fourier transform infrared spectra, high resolution transmission electron
microscopic images and nanoparticle adhesion force measurement results reveal that the key to self-
organization is stripping surface ligands by adding non-polar solvents or neutralizing surface charge by

adding salts, which allow us to tune the balance between van der Waals attraction and electrostatic
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Accepted 17th September 2022 repulsion in the colloid so as to trigger the assembling process. As a proof-of-concept, the superior
photocatalytic activity and single-particle surface-enhanced Raman scattering of the corresponding

DOI: 10.1039/d2sc02843c superstructures are demonstrated. Our methodology greatly extends the scope of building blocks for
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Introduction

Assembly of diverse nanoparticles (NPs) into superstructures
has emerged as an important strategy toward generating new
functional materials."® The obtained hetero-superstructures
integrate distinct components and often exhibit unanticipated
properties with potential application in photonics,”**
magnetics,">'* catalysis,'>'® and biomedicine."”>* However, the
lack of a scalable assembly method limits broad application of
hetero-superstructures. Current  routes to  hetero-
superstructures are molecular linker-mediated NP conjugation
and electrostatic attraction-induced NP assembly. For example,
molecules with surface-seeking groups such as -SH and -NH,
are usually used as linkers to assemble core-satellite super-
structures.”*> DNA hybridization'**?**° and metal-phenolic
coordination®-** are also well-established linker-mediated NP
conjugation methods to assemble superstructures. In electro-
static assembly, Coulomb forces between oppositely charged
NPs are the driving forces of forming superstructures.>>33-3¢
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superstructure assembly and enables scalable construction of colloidal multifunctional materials.

Besides, entropy-driven assembly could generate NP super-
lattices that consist of different types of NP building blocks,*-*°
but has not yet been exploited for core-satellite superstructures.

Despite the progressive assembly methods, the following 3
limitations have restricted the general assembly of hetero-
superstructures using arbitrary building block materials: (1)
highly specific assembly principles, such as thiol-metal
bonding and complementary DNA strand hybridization, result
in a limited assembly scope. A general approach with the
driving force based on common properties of all NPs has been
lacking. (2) Retained assembly additives in the obtained
superstructures mask the original nature of the building blocks.
The linkers which bring together the different building blocks
could not be removed after assembly. Otherwise, the assembled
material would be dissociated. (3) Complex assembly proce-
dures seriously decrease the yield of assembly. The washing
steps of NPs in the assembly, typically multiple centrifugations
and resuspensions, result in aggregation of NPs in the sediment
and loss of NPs in the discarded supernatant.

Here, we manipulate the interparticle balance between
attraction and repulsion toward a simple and versatile method-
ology for universal core-satellite superstructure assembly. The
key step is using colloid destabilizers such as a nonpolar solvent
or inorganic salt to reduce the stability (Coulomb repulsion) of
one building block. Then the other building block acts as a new
stabilizer to approach the destabilized building block via van der
Waals (vdW) attraction (Fig. 1a). In contrast to previously reported
methods, our assembly does not need any molecular linkers to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Preparation of superstructures. (a) Schematic illustration of the
core—satellite superstructure assembly. (b) TEM image and EDS
mapping of Au@In,O3 core—satellite superstructures. (c) SEM image of
the red blood cell (RBC)@Au core-satellite superstructures. (d)
Schematic of building blocks with various shapes, sizes, compositions
and functionalities.

bind the different building blocks together. Thus, the assembly
process is extremely simple (only one step) and no additional
substance is retained in the obtained core-satellite superstruc-
tures. Because vdW forces ubiquitously exist in all colloids, this
methodology could in principle be used for assembly of any kinds
of NPs in a colloidal suspension (Fig. 1b-d).

Results and discussion

Citrate-stabilized Au NPs* maintain colloidal stability via the
strong interparticle repulsive forces (Fig. Sla and bt). When
a nonpolar solvent such as hexane or toluene is added into the
Au NPs dispersed in ethanol/isopropanol, a broad extinction
band appears at ~800 nm (Fig. S1dt) and the hydrodynamic
diameter gradually increases due to partial coalescence of the
Au NPs (Fig. S271). The nonpolar solvent unambiguously breaks
down colloidal stability by reducing repulsive forces and thus
triggers NP self-organization. As a proof of concept, the citrate-
stabilized Au NPs suspended in isopropanol/ethanol and
oleylamine-stabilized In,0; NPs suspended in hexane were
selected as our model building blocks. By simply mixing the 2
colloids together, highly monodispersed binary Aucere—In,-
Ossatellite  SUperstructures were obtained. We observed an
obvious Au plasmon band shift after In,O; approached
(Fig. S31) because of the dielectric environment change.

This assembly methodology is generally applicable and
superstructures can be rationally designed using distinct

© 2022 The Author(s). Published by the Royal Society of Chemistry
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building blocks. Fig. 2 shows diverse examples of super-
structured nanomaterials. On quasi-spherical 80 nm Au NPs,
different metal-based materials, including monometallic, alloy,
oxide, sulfide, and perovskite NPs (Fig. 2a-d, j and S4-S117),
could easily be assembled as satellites. NPs having different
morphologies such as Au-Ag core-shells, Au nanopeanuts, CdS
nanowires, and Ag nanocubes could also be used as cores for
superstructure assembly (Fig. 2f-i and S12-S157).

Greatly encouraged by these experimental results, we
extended this methodology to the assembly of organic and even
biological nanoarchitectures. Polydopamine (PDA) NPs have
been widely used in catalysis, medical imaging, cancer therapy,
and antibacterial coating because of their antioxidant activity
and strong metal-ion chelation.** We mixed PDA NPs with SiO,
NPs suspended in ethanol and obtained organic-inorganic
hybrid core-satellite superstructures by adding hexane (Fig. 2k
and S16f). However, in the assembly of biological nano-
architectures, nonpolar solvents cannot be used because they

a Au@pt

Fig. 2 Diversity of superstructured materials. (a—d) Elemental
mapping images of Au@Pt (a), Au@AgNi (b), Au@CoO (c), and Au@CdS
core—satellite superstructures (d). Scale bar, 20 nm. (e) Illustration of
assembly using building blocks of diverse compositions, morphologies
and sizes. (f-1) Elemental mapping images of Au—Ag@Ni (f), Au pea-
nut@Pd (g), CdS@Au (h), Ag nanocube@Au(l), and Au@CsPbBrsz
perovskite (j) core-satellite superstructures. Scale bar, 20 nm. (k)
Elemental mapping image of the PDA@SIO, core-satellite super-
structure. Scale bar, 200 nm. (1) Elemental mapping image of the lip-
osome@Au core—satellite superstructure. Scale bar, 20 nm. Insets of J
and L are high-angle annular dark-field (HAADF) images of the cor-
responding superstructures. Scale bar, 20 nm. (m and n) Colored SEM
images of RBC@Au (m) and living THP1 cell@PDA (n) biological core—
satellite superstructures. The colors of the elements in the EDS
mapping are marked on the periodic table in (e).
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typically denature the biological building blocks. Thus, we used
biocompatible phosphate buffer solution (PBS) to trigger self-
organization. The ions in PBS neutralize the surface charge of
colloidal NPs, instead of detaching the surface ligand, to
weaken the repulsive forces and reduce their colloidal stability
(Fig. S17%).*»** We obtained nanoarchitectures such as
liposome ore@AUgytetiite; 'e€d blood cell (RBC)eore@AUgateriite and
living THP1 cell.oe @PDAga¢eniite SUperstructures (Fig. 21-n and
S18-S20%). This process is very gentle and the living mamma-
lian cells maintained their structural stability after assembly
(Fig. S20%). Therefore, our methodology shows good applica-
bility and can realize the assembly of superstructures with
satellite numbers =6 and a core/satellite size ratio from 1 to
~200. The products are very robust and the core-satellite
structure remains stable after vigorous ultrasonication, solvent-
replacement and even 1 year aging at room temperature
(Fig. S5217).

As a demonstration of preparing high-diversity super-
structured materials, a co-assembly strategy was used to
assemble superstructures with multiple types of satellites on
the same core. We obtained a series of superstructures using the
same batch of Au NP cores, including Aucore@AZsatellites
Aucore@(Ag + Ni)satellite’ Aucore@(Ag + Ni + InZOS)satellite; and
AUcore@(Ag + Ni + InyO3 + Pt)gacenite SUperstructures (Fig. 3a-d).
Alternatively, multiple satellites can be assembled via a super-
assembly strategy. For example, when RBCcor@PDAgaceliite
superstructures were further used as the core in a second-round
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Fig. 3 High-diversity superstructure assembly. (a—d) Elemental
mapping images of core—satellite superstructures with up to 4 types of
satellites co-assembled on an 80 nm Au core: Au@Ag (a), Au@Ag + Ni
(b), Au@Ag + Ni + In,Os (c), and Au@ Ag + Ni + In Oz + Pt (d). Scale bar,
20 nm. (e—g) Colored SEM images of a red blood cell (e) and corre-
sponding superstructures with PDA NPs (f) and PDA + Au NPs (g) as the
satellites (scale bar, 1 pm).
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assembly, Au NPs could be loaded as the second satellites
(Fig. 3e-g). Any change in the type and sequence of satellites will
result in new core-satellite superstructures.

To explore the mechanism behind this methodology, we
further investigated the driving force of the solvent-induced
superstructure assembly. In our control experiments, cores
and satellites with the same charge could also form super-
structures on the addition of hexane (Fig. S231). In contrast,
when hexane was absent, even the oppositely charged Au and
In,0; NPs could not form superstructures (Fig. S22 and S24+),
which confirms that the assembly is not driven by electrostatic
attraction. In the Fourier transform infrared (FTIR) spectra
(Fig. 4a), the absorption band assigned to the asymmetric
stretching of carboxylic groups of the citrate ligand redshifts
from 1585 to 1558 cm ,* indicating that the addition of
hexane induces the attenuation of the intermolecular hydrogen
bonds and disrupts the solvation of citrate molecules with iso-
propanol (Fig. S257). As shown in Fig. 4b the citrate ligand
forms approximately four molecular layers on the Au NP surface
after drying on a TEM grid;* in contrast, no obvious ligand shell
is observed on hexane-treated NPs (Fig. 4c). Although the results
were not measured from NPs in a colloidal suspension, it is
clear that the hexane solvent removes most of the ligand
molecules on the NP surface. Since non-polar solvents such as
hexane are aimed at destroying citrate molecules, this

al— Au NPs (ligand removed) b
Au NPs (with ligand)
Vasy(-c007).,
£
£
@
(=4
®
(=

1800 1600 1400

Wavenumber (cm™)

1200

d o] Ethanol-Citrate Citrate 8 s
o
= o
k) OcF %‘ e -0.51 eV
g o M ------- Hexane-Citrate
g B 077 eV
-0.84 eV

Reaction Coordinate

N

e — Au NPs (ligand removed f ©  Au NPs (ligand removed)
) Au NPs (with ligand) —a a c{\u NPs (wgholigand)
24 €
= E
8 0 —_——— g
5 L2
w
-2
’ 0

0 10 20 0 10 20 30
Separation (nm) Measure Count

Fig.4 Driving force of superstructure assembly. FTIR spectra (a), high-
resolution transmission electron microscope (HRTEM) images and line
scans of a citrate ligand adsorbed on the surface of Au NPs before (b)
and after (c) treatment with hexane. (d) Adsorption energy of citrate on
the Au NP surface in different solvent environments. (e) Force-distance
curves measured using a Pt coated AFM tip on Au NPs before (cyan)
and after (red) hexane treatment. The approach and retraction are
presented with dashed and solid lines, respectively. (f) Scatter plot of
adhesive force measurements on 60 Au NPs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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methodology is suitable for the assembly of citrate-capped NPs.
We further used density functional theory (DFT) calculations
(see the ESI for the detailed calculation processt) to evaluate the
adsorption energy (E,qs = —0.77 €V) of a citrate ligand on the
Au(111) surface (Fig. 4d). While ethanol solvent makes the
surface ligand more stable (E,qs = —0.84 eV), the presence of
hexane obviously weakens the adsorption of citrate (E,qs =
—0.51 eV) on the Au(111) surface. The surface ligand has an
important bearing on the colloidal stability of NPs.*** (-
Potential change of the Au NPs from —32.2 to —7.04 mV was
observed within 12 min upon the addition of hexane (Fig. S27).

The assembly process of the above core-satellite super-
structures comprises two steps. First, one of the colloidal
building blocks is destabilized. Second, the other building
block acts as a new stabilizing agent and self-organizes around
the first building block, which is likely driven by vdW forces. We
used atomic force microscopy (AFM) to examine the vdW forces
between the core and satellite.”® A Pt tip (Fig. S271) interacts
with a Au core to simulate the Pt satellite of the Aucore@Ptsatellite
superstructure. An approach-retraction loop test was performed
in a liquid environment. As shown in Fig. 4e, the Au NP surface
treated with hexane exhibited twice the attractive force (2.6 nN)
during tip retraction compared with its untreated counterpart
(1.3 nN), corresponding to a higher energy of adhesion work (E
=1.17 x 10 2 vs. 6.85 x 10 f]). The 60 tests on different Au
NPs (Fig. 4f and S297) suggested that the addition of hexane
resulted in an appreciable attraction between the core and
satellite NPs. Hexane acts as a ligand detacher and this role
could also be played by other nonpolar solvents such as toluene,
benzene and cyclohexane (Fig. S301).

In classic Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory,” two major interactions (electrostatic repulsion and
vdW attraction) determine the colloidal stability of a NP
suspension. In our assembly, a third interaction of short-range
repulsion resulting from steric hindrance of interfacial mole-
cules is involved.*®** Eqn (1) describes the total interaction
potential energy (Vio) between Au and Pt NPs, which consists of
electrostatic energy (Veiec)) vdW potential energy (Viaw) and
short-range repulsion energy (Vgorn):

Viot = Velee T Viaw + VBorn (1)

As shown in Fig. 5a, for Au and Pt NPs suspended in
a hexane-ethanol mixture, the total potential energy minimum
appears at ~0.23 nm (see the ESI for the detailed calculation
processt). This value is consistent with the measured distance
of ~0.30 nm between the Au core and Pt satellite (Fig. 5b). In
contrast, the two building blocks maintain their colloidal state
when hexane is absent due to the very shallow potential energy
well.

Another important issue is the selective collision between
the hetero-building blocks. In a binary colloid comprising two
building blocks (A and B), there are 3 different collision direc-
tions, i.e. A-A, B-B and A-B collisions, among which only the
third favors hetero-assembly. For example, in a mixed colloid of
80 nm Au and 10 nm Pt spheres, ~70 completely inelastic
collisions between Au and Pt result in the formation of a core-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Total colloidal potential energy of Au + Pt NPs suspended in

ethanol (blue) and an ethanol-hexane mixture (red) as a function of
interparticle distance. The gray curve is the energy of the Au colloid
before assembly. (b) HRTEM image of the Aucore@Ptsateiite SUPETr-
structure showing the distance between the Au core and Pt satellites.
(c) llustration of the chemical potential change of the colloidal mixture
from the original steady state to the final steady state after assembly.

satellite superstructure (Fig. S4T) and the kinetic energy loss of
the whole system is converted to heat. We can estimate the
Gibbs free energy change according to the equation AG = AH —
TAS, in which AH and AS are enthalpy and entropy changes,
respectively. The formation of a core-satellite superstructure
(A-B) results in a lower Gibbs free energy than that in the
formation of A-A or B-B clusters, indicating that the ligand-
stripped Au core NPs intend to adsorb Pt NPs rather than self-
aggregate (see the ESI for the detailed calculation processt).
In view of thermodynamics, the unstable Au NPs after hexane
treatment increased the chemical potential of the system from
W4 to u, (Fig. 5¢). After this, the colloidal mixture reached a new
steady state via self-organization of NPs. The selective collision
of hetero-building blocks to form a superstructure is favored
because of the lower chemical potential.

Finally, as a proof of concept, we showed the specific prop-
erties of superstructures based on assembly. Surface-enhanced
Raman spectroscopy (SERS) is a sensitive analytical technique
in the detection of trace chemical species. Normally, an SERS
signal can only be detected from highly localized areas such as
edges, tips of nanostructures and gaps between NPs. As shown
in Fig. 6a, the Au@Au superstructure exhibits single-particle
SERS sensitivity due to the plasmonic coupling between
building blocks. In contrast, the corresponding 80 nm Au core
does not enhance the Raman signal of reporter molecules under
otherwise same conditions (Fig. S317). Based on the sensitivity
test, the detection limit of 4-nitrothiophenol and dye molecules
(crystal violet) on the Au@Au superstructure can be acheived at
1077 M (Fig. S321). We further used Au@Pt superstructures with
SERS activity to detect trace adsorbed H species in Pt-catalyzed
hydrogen evolution reactions. The Pt-H band at around
~2060 cm ™' red-shifts with the decreasing potential (Fig. S337),
showing the exciting potential of studying electrocatalysis using
core-satellite superstructures. In another example, we demon-
strated enhanced photocatalytic activity enabled by assembly of
semiconductor@metal (CdS@Au) superstructures. Due to the

Chem. Sci., 2022, 13, N792-11797 | 11795
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Fig. 6 (a) SERS spectra of 4-nitrothiophenol measured on a single
Au@Au core-satellite superstructure (red) and the corresponding Au
core (blue). (Inset) SEM images of a single superstructure (left) and
a single Au core (right). Scale bar, 50 nm. (b) Conversion rate of benzyl
alcohol in a photo-oxidation reaction catalyzed by Au NPs, CdS
nanowires and CdS@Au superstructures, respectively.

efficient charge transfer at the metal-semiconductor interfaces,
the superstructures exhibit enhanced photocatalytic perfor-
mance with high stability in benzyl alcohol oxidation compared
with the un-assembled building blocks (Fig. 6b and S347).

Conclusions

To summarize, assembly of complex core-satellite superstruc-
tures is now a very simple task under our vdW force-driven
assembly methodology. By weakening the repulsion between
building blocks via detaching the ligand from their surfaces or
neutralizing their surface charges, we trigger self-organization
of small satellites on the surface of a large core. This
assembly process does not involve additional molecular linkers
that will be retained in the assembled superstructures. The
agents used to destabilize the building blocks are nonpolar
solvents or soluble inorganic salts and they can be completely
removed after simple washing steps. Thus, the original nature
of building blocks can be preserved after assembly. Using this
facile and versatile approach, we obtained a library of distinct
core-satellite superstructures. The assembly scope can be
readily extended to a tremendous number of building blocks
ranging from inorganic NPs to living cells, which offers great
potential for application in fields such as catalysis, sensing,
bioengineering, drug delivery, and others.
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